We investigate the atomistic mechanism of yield to mechanical tension in boron nitride nanotubes. The formation energy of the first emerging defect is computed by accurate ab initio calculations. Its susceptibilities to mechanical tension is further evaluated in an economical fashion, when only load-free clusters need to be considered. The obtained thermodynamic threshold is above that of the homologuous carbon system, whose exceptional resistance to mechanical yield is already recognized.
I. INTRODUCTION
Boron nitride nanotubes ͑BNNT's͒ are a new type of nanoparticles which were successfully synthesized. [1] [2] [3] [4] [5] [6] Because boron nitride systems are generally known as strong materials, comparable in hardness with diamonds, there is a sustained interest in the mechanical properties of these nanoshells. [7] [8] [9] [10] [11] Quantum calculations 7, 8 showed that the elastic stiffness of BNNT's ͑measured by a Young's modulus of 1.1-1.3 TPa͒ is comparable with that of carbon nanotubes ͑CNT's͒ (Y ϭ1.3-1.8 TPa). However, the elastic behavior alone does not characterize the strength of a material. As the present study suggests, in spite of a lower elastic modulus, the BNNT resistance to yield and thermal degradation can surpass that of analogous CNT's.
This paper discusses the dislocation structures that could emerge in a BNNT in response to great tension. Once the primary dislocation is identified through molecular dynamics ͑MD͒ simulations, Sec. II A, its accurate formation energy is computed with ab initio density functional theory ͑DFT͒ methods in Sec. II B. The relaxation path obtained in the MD simulation is further supported by the DFT activation state analysis of Sec. II C. Further, in Sec. III A the occurrence of primary defect is evaluated based on the common tangent construction 12 from the theory of structural phase transitions, as previously applied in nanotube analysis. 9, 13 The obtained values, reported in Sec. III B, are then compared with the ones for CNT's, whose yield mechanism is discussed in the literature. [13] [14] [15] 
II. PRIMARY DEFECT IN BN UNDER ELONGATION STRAIN
The fundamental structural defect in CNT's occurs through a single 90°bond rotation from a predominantly transversal to axial direction. 14, 15 In this way a nanotube extends along the axis and helps relieve the elongation strain. Such a transformation, known as Stone-Wales ͑SW͒ rotation, 16 preserves the threefold sp 2 covalent bonding and transforms four hexagons into a two-pentagon and twoheptagon ͑5͉7͉7͉5͒ pattern. However, a 5͉7͉7͉5 dislocation dipole in BNNT's introduces an extra chemical component associated with the pair of homoelemental B-B and N-N bonds. Due to Coulomb repulsion, these bonds are energetically unfavorable: the average energy cost of introducing one ''frustrated'' B-B or N-N bond ͑compared with the B-N bond͒ was previously evaluated by DFT calculations at 1.6 eV. 17 Consequently, the formation energy of a 5͉7͉7͉5 defect is expected to be significantly higher ͑by ϳ3.2 eV͒ than in a CNT.
Because of the high energy associated with homoelemental bonds, it is possible that another dislocation core, involving only even-membered rings, might be energetically more stable. The simplest such structure one can imagine involves a tetragon-octagon core 10 and results in a 4͉8͉8͉4 defect structure. It is expected that such a defect would introduce more distortion into the lattice, yet its formation energy component associated with homopolar bonds is zero.
A. Molecular dynamics response under strain
Motivated by the uncertainty in identifying a primary yield mode in a hexagonal bipartite system, we studied the natural relaxation of a homogeneously strained BNNT system. The phase space of the system can be sampled by employing classical or tight-binding MD. However, the task of building a transferable model potential for boron nitride is quite complex, since one must account for the partially ionic character in addition to the covalent bonding. For example, a classical two-body potential has been proposed 18 which does not describe direct B-B and N-N bonds, as needed in the 5͉7͉7͉5 defect. Also, in the tight-binding scheme of Ref. 19 , the 90°BN bond rotation develops into an unstable configuration. 11 Consequently, we performed MD simulations by employing the nonorthogonal tight-binding ͑TB͒ scheme of Goringe, Bowler, and Hernández, 20 where the two-center hopping integrals and overlap matrices were fitted to first-principles DFT. 21 The transferability of this scheme has been previously reported in a series of studies on molecules, clusters, and crystalline solids, 21 as well as BNNT's. 7 From these data we note that the TB scheme is generally quite precise in reproducing the geometries of various systems, although is less accurate in describing the energetics of homoelemental bonds. This is true also in the context of BNNT's, where the SW defect does exist as a local minimum, 9 but its formation energy is underestimated, 10 as discussed also in the next section. Therefore, application of this TB model requires caution and any obtained relaxation path towards a primary defect must be validated by higherlevel calculations.
We considered axial elongation over a 5%-12% range on a ͑5,5͒-BNNT's supercell containing 100 atoms. The initial structures were initially relaxed in various strained geometries and subsequently evolved in the canonical ensemble attained by inclusion of a Nose-Hoover thermostat in the Lagrangian equations of motion. 22 The initial temperature of 1500 K was gradually increased by 50 K at each 10 000 time steps. The simulation time step of 0.1 fs is adequate for a rare-event search ͑known to happen quickly, on a time scale of conventional MD steps͒ and achieves an energy conservation ͑system plus reservoir͒ of 1 part in 10 3 . As temperature increases, the atoms undergo larger excursions from their equilibrium positions. The probability rate of relaxation to a defect state depends directly on the height of the separating barrier ͑expected to decrease significantly with an applied external strain͒ and temperature, which provides the way of flying over the barriers. In contrast, the hopping depth of the local minima affects only the relative residence time the system spends in the corresponding configuration. suggests and DFT calculation later proves, does not show the signature of B-B and N-N interactions. Therefore this state must be well accounted for, and the occurrence of SW relaxation cannot be attributed to deficiencies in the TB model. In spite of further extensive simulations at other straintemperature combinations, no 4͉8͉8͉4 or other primary dislocations were found.
B. Formation energy of primary defects
Molecular dynamics simulations indicate that the 5͉7͉7͉5 dislocation dipole plays an important role in the strain release of BNNT's. For a correct evaluation of the yield limit, the formation energy of this defect is needed. The first column of Table I shows the formation energies of the SW bond rotation computed in the TB approximation for the various BN systems. Indeed, energy values are lower than in carbon systems 13 and, given the previous discussions, we conclude that the TB approximation does not account properly for the chemical cost of introducing unfavorable bonds. We next abandoned the non-self-consistent TB model, known to have a deficiency in describing Coulomb effects, 20 and performed ab initio gradient-corrected DFT calculations. 23 The cluster calculation is our method of choice when seeking formation energies of isolated defects. This approach avoids interac- tions with image states when periodic boundary conditions ͑PBC's͒ are imposed. A close proximity of the defect images in PBC's can change the computed energy significantly when compared to an individual isolated defect of interest. A detailed analysis shows that for a pair of defects, depending on their mutual orientation, the energy can be higher or lower by almost 1 eV. 24 The geometries of stationary points on the potential energy surfaces ͑PES's͒ were optimized using ab initio KohnSham DFT. We should point out that this method permits various models for the DFT functional, which could possibly lead to different results. Additionally, the final outcome is influenced by the basis choice ͑a larger basis being better͒. It is therefore important when comparing DFT calculations on BN and C to use identical model within the same analysis. We have chosen here the exchange-correlation functional of Perdew, Burke, and Ernzerhof 25 ͑PBE͒ and a 3-21G basis set, 26 a model employed previously in nanoshell elasticity calculations. 8 To separate the contribution of local chemical and extended elastic lattice distortions, we first compute defect formation energies for the hydrogen-terminated small BN cluster ''free'' from the surrounding lattice (B 8 N 8 H 10 ), then for a larger plane lattice sheet ͑where the dislocation dipole is surrounded by a closed array of six-membered rings-B 21 We found that the ''free'' 5͉7͉7͉5 structure is essentially planar and has a formation energy of 4.3 eV. By further accounting for atomic relaxation around the defect, as in the larger ''sheet'' calculation ͑see Table I͒, the defect energy increases by 1.2 eV. The BNNT's curvature barely affects the energies. For example, the formation of a 5͉7͉7͉5 defect in a ͑5,5͒ BNNT is endothermic by 5.6 eV.
In the armchair case, both clockwise and counterclockwise bond rotations lead to the same 5͉7͉7͉5 pattern. This degeneracy is lifted for a generic (n,m)-BNNT with n m. 9 The two resulting patterns for the case of a ͑10,0͒-BNNT are shown in Figs. 2͑c͒ and 2͑d͒, where we note that the newly formed B-B and N-N bonds may align either near parallel ͓ʈ͔ or perpendicular ͓Ќ͔ to the tube directions. The DFT computations give slightly different formation energies 5.3 and 5.4 eV for the ͓ʈ͔ and ͓Ќ͔ configurations, respectively. For studying the elastic limit both orientations will be considered.
We next concentrate on the energetics of the 4͉8͉8͉4 dislocation dipole. This defect did not emerge in the MD simulation, which suggest a high formation and/or activation energy. Another possible reason could be the more complicated kinetics associated with this defect, which involves a concerted mechanism ͑see Fig. 1 in Ref. 10͒. To clarify this point we analyzed the DFT formation energy of this defect. We obtained that the 4͉8͉8͉4 core structure has a twisted shape ͓Fig. 3͑a͔͒ and, indeed, its formation energy ͑5.2 eV͒ is bigger than SW ͑4.3 eV͒. Further taking into account the disturbance in the surrounding lattice ͓Fig. 3͑b͔͒ leads to a dramatic increase in the formation energy ͑11.0 eV͒. We conclude that the drastic deformation involved in the 4͉8͉8͉4 dislocation dipole strongly outweighs the cost of homopolar bonds ͑Table I͒. It is therefore thermodynamically unlikely that this defect will play a significant role in the initial stages of BNNT plastic deformation.
C. Activation energy of primary defects
In order to support the TB-MD simulation result, we have performed an additional study of the transition state ͑TS͒ for the SW rotation on BN clusters, with the primary goal of evaluating the influence of homopolar bonds on the activation barrier.
Both minima and saddle points represent stationary points on the PES. Whereas a true minimum has all real-value oscillation frequencies, the TS represents a saddle point on the PES with one imaginary frequency. To optimize a TS we have employed the synchronous transit-guided quasi-Newton ͑STQN͒ method, 27 guided by preliminary guesses between the ideal and SW geometries, near the 45°rotation. In studying the strain dependence, the TS was further optimized under the constraint of fixed distances between pairs of atoms located at opposite ends, in such a way that the equilibrium geometries are still saddle points on the corresponding PES.
The SW transformation occurring on the minimum energy path in the ''free'' flat BN cluster involves the highest-energy intermediate state shown in Fig. 4͑a͒ . The predicted energy of this structure, which constitutes the energy barrier for the SW bond flip, is by 7.4 eV higher than the perfect initial configuration. We further note that such a configuration perturbs the surrounding lattice very little. Indeed, going from the ''free'' to the larger ''sheet'' calculation ͑see Table I , third column͒ we obtain a barrier increase of only 9%. This also supports the validity of the finite-cluster approach.
In the tubular configuration ͓Figs. 4͑b͒-4͑d͔͒, the activated state geometries are similar, while their energies are slightly lower than in the planar structure ͑Table I͒. Let us now turn to CNT comparison. The bond rotation barrier in ͑5,5͒-CNT's is 8.5 eV, 13 which is higher than the 7.7 eV average value reported here for BNNT's. This lower activation barrier can be understood considering that in a isoelectronic series, such as C and BN, the strength of chemical bond decreases with polarity. 28 The SW process involves the breaking of two bonds ͑followed by the formation of two new bonds͒, which must be easier to occur in a system with weaker bonds. On the other hand, the energy barrier lower than in carbon shows that the influence of B-B and N-N interactions on the TS is insignificant, which corroborates the validity of the TB model for the transition structure-that is, the SW occurrence in the MD simulation in Sec. II A.
An external strain lowers significantly the SW barriers and we obtained a substantial decrease, from 7.8 to 2.5 eV in ͑5,5͒-BNNT at ϭ12%, which makes the transformation kinetically accessible at room temperature. We recall that beyond ϭ12% ͑Fig. 3 of Ref. 10͒ the SW formation energy is already negative. Consequently rotation back to the perfect arrangement encounters a higher barrier, which makes SW the preferred configuration.
Turning to the two possible bond rotations in a zigzag ͑10,0͒-BNNT's, there seems to be a difference between the ordering of the formation and activation energies since the ͓ʈ͔ SW configuration encounters a higher activation barrier ͑7.8 eV͒ than the ͓Ќ͔ state ͑7.6 eV͒, which in turn has a higher formation energy. On the other hand, at ϭ12% we obtained that the external strain reduces the ͓ʈ͔ barrier to 3.8 eV, while activation of the ͓Ќ͔ state is 4.6 eV. Therefore both energetic and dynamic considerations suggest that the ͓ʈ͔ SW state establishes the ͑10,0͒-BNNT yield limit.
III. DEFECT ENERGY RESPONSE TO MECHANICAL LOAD

A. General considerations
We can now discuss the influence of an external load on the primary defect formation. Figure 5͑a͒ shows typical energy-versus-elongation ͑or generally, any deformation͒ curves U 0 (l) and U SW (l) for the perfect and defect structures. For the purpose of discussion some features were not drawn to scale, as can be seen from Fig. 5͑b͒ , which shows the same curves from actual DFT calculations for a ͑5,5͒-BNNT under strain. Defect formation causes an energy increase E SW and a length ͑or geometry͒ change l SW of a free equilibrium cluster structure. If the transformation occurs at invariant external fixed length, then the thermodynamic equilibrium between the initial ͑perfect͒ and final ͑SW defect͒ states corresponds to their equal energies-i.e., the intersection of the curves at elongation l U , U 0 (l U )ϭU SW (l U ). At   FIG. 4 . Ball-and-stick representation of activation states of the 5͉7͉7͉5 dislocation in various BN systems: ͑a͒ ''free'' defect, ͑b͒ ͑5,5͒-BNNT, and ͑10,0͒-BNNT in ͑c͒ longitudinal and ͑d͒ circumferential orientations. The structures displayed were optimized at the PBE/3-21G level of theory. more common constant load conditions, due to additional work performed by the external forces, one must employ the equality of the Gibbs free energies, GϭUϪFlϩTS, or at not very high temperatures the enthalpies HϭUϪFl, of the two structures. As a consequence, the transition occurs at the critical force corresponding to the common tangent of the two curves, U 0 (l) and U SW (l), in Fig. 5͑a͒ . It is obvious from Fig. 5͑a͒ that the corresponding elongation ͑and therefore the force͒ is different than the value at which the formation energy vanishes (l H Ͻl U ).
The DFT calculations reported in Ref. 10 already showed that the CNT critical elongation l U is surpassed in BNNT's (l U C Ͻl U BN ) by a significant margin ͓6% vs 12% in ͑5,5͒ nanotubes͔. We compare here the yield of the two materials under the thermodynamic condition of ''constant load,'' in terms of the corresponding critical transition tensions F H of the two materials. While more realistic for experimental tensile tests than the ''fixed length'' comparison, the ''constant load'' condition appears also to be easily accessible since the transition conditions can be approximately extracted from a single, strain-free relaxation. Instead of performing multiple computations under external strains in order to obtain the U SW (l) and U 0 (l) dependences, one assumes that the formation of a SW defect adds some energy E SW and a length offset l SW , while the shape of the energy function remains approximately invariant, i.e.,
In other words, the U SW (l) curve can be obtained from U 0 (l) by simple translations-horizontally by l SW ͓U S (l) curve in Fig. 5͑a͔͒ and vertically by E SW . From the geometrical considerations shown in Fig. 5 one obtains that the critical transition tension, which is the slope of the common tangent to the curves, is written as
This quantity can be evaluated based on the computed equilibrium ͑no load͒ energy and elongation as in Refs. 9 and 13. We emphasize here that this relation is exact if one assumes a translational correspondence between the ''initial'' and ''final'' curves. Therefore, we expect Eq. ͑2͒ to be quite accurate even when large elongations, beyond the harmonic approximation, are involved. When a usual parabolic dependence with constant U 0 Љϭd 2 U 0 /dl 2 is employed, then the critical strain is written
where L 0 represents the equilibrium length. Equation 
which is a size-independent result. The elongation U at which the two curves intersect can also be calculated:
which is size dependent. This equation best illustrates the correspondence between the constant strain and constant force conditions: As the cluster size L 0 increases, the last term in Eq. ͑5͒ vanishes and the two conditions converge to the same result. The outlined treatment is based on the equal stiffness approximation. However, one can easily account for the possible small stiffness changes ␦C introduced by the SW defect. 29 It turns out that the corresponding corrections can be more transparently written in terms of the energy difference ␦E between the directly computed and predicted by translation ͓Eq. ͑1͔͒ U SW (l SW ϩl H ), which can be related to the stiffness change as FIG. 5 . ͑a͒ Schematic representation of energy-vs-elongation curves. The SW defect curve U SW (l) is approximated with the perfect U 0 (l) curve shifted to the right with dilation l SW and up with defect formation energy at zero strain E SW . Also shown is the common tangent of the two curves, and the critical force is given by the E SW /l SW . Note that the critical elongation l H at which the common tangent touches U 0 (l) is situated below the elongation l U at which the two curves intersect, exactly halfway between the low and high tangent points. ͑b͒ Energy-vs-elongation for perfect ͑full circles͒ and defective ͑open circles͒ ͑5,5͒-BNNT, as obtained at the PBE/3-21G level of theory. The slope of the comon tangent of 30 eV/Å is in good agrement with the value obtained with the treatment outlined in Sec. III and reported in Table II 
to first order in ␦E. If these corrections are desired, one additional pair of direct computations for U SW (l SW ϩl H ) and U(l H ) is needed.
B. Results
Let us now analyze with DFT/3-21G calculations the typical errors introduced by the approximation ͑1͒ in our carbon and boron nitride systems. For this we have performed DFT calculations under strain. In the case of ͑5,5͒-CNT's we have found excellent agreement for the strain range of interest and U SW at ϭ6% can be regained by Eq. ͑1͒ with an error of Ϫ0.01 eV. We note that the zero-strain SW formation energy of 3.3 eV ͑Ref. 10͒ computed with the minimal STO-3G basis set exceeds by 0.4 eV the more precise value reported here ͑Table II͒, evaluated with the larger 3-21G basis. It therefore appears to be more advantageous in this case to apply the present treatment, anchored on a single, more demanding and precise zero-strain calculation, instead of the lower level series of DFT calculations under the strain of Ref. 10 . For the case of BNNT's one expects approximation ͑1͒ to be less accurate because the newly formed B-B and N-N bonds are weaker than the original B-N bonds. Indeed, similar DFT calculation on ͑5,5͒-and ͑10,0͒-BNNT's showed that Eq. ͑1͒ is less precise than in CNT's, but still works reasonably well ͑e.g., at Ϸ12% the energy correction ␦Eϭ1.5 eV represents 3% of U SW ), such that the above treatment still can be employed. We have found a stiffness correction of ␦CϭϪ0.24 eV/atom, which will be taken into consideration through Eqs. ͑6͒-͑8͒ in the results reported next for the BN systems.
We employ now the approach outlined in the Sec. III A to evaluate the susceptibility to an external load of the optimized structures of Sec. II B. For the case of the BN plane cluster ͑Fig. 6͒, it is meaningful to measure dilations in at least two directions-for example, along the axial and the 30°directions-which correspond to armchair and zigzag nanotube orientations. A comparison between the ͓ʈ͔ and ͓Ќ͔ channels shows that the former is more susceptible to stress since it acquires more axial elongation ͑0.24 vs 0.16 Å͒. This transfers into a lower critical tension ͑16.6 vs 24.9 eV/Å͒ for the SW pattern with frustrated bonds aligned longitudinally, which suggests that the ͓ʈ͔ configuration establishes the yield point in zigzag BNNT's. We next evaluate the critical tension for both planar BN and its isomorphic C analog and make a comparison. Defect energy values are 5.5 and 3.2 eV and the elongations are 0.69 ͑0.24͒ Å and 0.65 ͑0.29͒ Å for armchair ͑zigzag͒ orientations of free 58-atom cluster sheets for BN and C, respectively. The obtained critical force is higher for BN ͑Table II͒ in both orientations. We also note that for both C and BN, the yield limit is higher in the zigzag orientation. This trend arises because the effectiveness of strain relief depends strongly on the wrapping angle: While the armchair ͑0°in Fig. 6͒ possesses the most favorable bond orientation for rotation ͑from transversal to axial direction͒, the zigzag orientation ͑30°in Fig. 6͒ has a less effective strain relief mode since the favorable bonds are misaligned from the transversal direction.
The same trends hold when the analysis is performed on the tubes: ͑i͒ Between the ͓ʈ͔ and ͓Ќ͔ possible patterns in ͑10,0͒-BNNT's, there is more l SW elongation when the frustrated bonds B-B ͑length 1.66 Å͒ and N-N ͑1.48 Å͒ are par- allel to the tube axis. ͑The equilibrium length of B-N bond is 1.47 Å.͒ The critical tension is lower in the ͓ʈ͔ rotation pattern ͑47.5 vs 65.0 eV/Å͒, also in agreement with the activation energy ordering in the two channels, reported in Sec. III C. ͑ii͒ For both CNT's and BNNT's, the thermodynamic SW yield limit is higher in the zigzag orientation. ͑iii͒ When comparison is made with a corresponding carbon analog, the yield limit of a zigzag or armchair CNT is lower than in the corresponding BNNT. As an additional confirmation, in the second to last column of Table II we included for a comparison literature results for the CNT critical transition tensions. The zigzag and armchair tubes studied here represent extreme cases, with chirality of 0°and 30°, respectively. Since the SW susceptibility decreases uniformly over the ͓0°,30°͔ interval, it is clear that this conclusion holds in fact for any intermediate tube.
In order to make a qualitative comparison of the critical strains of the two materials, we employ Eq. ͑4͒ with the correction ͑8͒ and the stiffness values calculated in Ref. 8 ͑at the same level of theory͒ and the results are summarized in the last column of Table II . A clear difference is apparent in the corresponding threshold strain values, and the CNT thermodynamic yield point results are lower than for BNNT's. For example, in a ͑5,5͒ tube the SW defect occurs at 5% in CNT's as opposed to 7% elongation in BNNT's.
Overall, the l SW values ͑measured here as a difference in the average distance between a pair of atoms situated at opposite ends in perfect and defect configurations͒ between BN and corresponding C clusters are similar, while the big difference in the SW defect formation energy ͑ϳ3 eV͒ has the determining effect of raising the BN thermodynamic transition tension and strain ͑at an infinitely slow rate of applied strain͒ above that of carbon. A higher strain rate would generally increase the breaking strain, for both BN or C; however, such a comparison would involve an analysis of SW nucleation kinetics, including saddle point computations, which require a separate further study. Since the TB model does not properly take into account the energy penalty for the SW homopolar bonds, this effect could not be captured in Ref. 9 and in fact leads to a qualitatively different conclusion.
A test study of the self-consistent charge distribution around the SW defect area reveals a high electronic concentration for the N-N bonding, and therefore one may expect an increase in local chemical reactivity. On the other hand, the strong N-N bonding also leads to an interesting hypothesis of the reduction in SW thermal stability by a subsequent N 2 dimer emission at high temperatures.
Our results concur with the recent study of BNNT's under axial compression, utilizing an approach which takes into account the anisotropic characteristics in the nanomechanics as well as in the plasticity, 11 where it is shown that the elastic limit of carbon is surpassed by BNNT's due to a nonstructural skin effect.
IV. CONCLUSION
We used finite-temperature molecular dynamics to identify the primary strain-relieving configuration in BNNT's. Ab initio DFT calculations were carried out to ascertain the role of homopolarity in the bond rotation mechanism. We discussed the common-tangent construction that allows one to evaluate the yield point based on a single quantum mechanical unconstrained structural relaxation. This can be further refined ͑by additional direct computations͒ in order to take into account possible defect-induced stiffness variations. Such an economical approach makes the utility of highaccuracy ab initio levels more practical for evaluating the elastic limits of nanoscale materials. In a study of the response under constant tension, the thermodynamic yield limit ͑critical strain and critical tension͒ of BNNT's appears to be higher than that of CNT's, whose strength is already recognized. This result enriches the variety of strong materials available for future nanomechanical applications and for structural composites, especially at elevated temperatures. stiffness (C tot ), as 1/C tot ϭ1/C SW ϩ1/C, where the last term refers to the unaffected region away from the defect. Provided the calculations employ a large enough system to capture the local contribution, the transition tension F H ͑i.e., slope of energy vs elongation curve͒ does not change with the system's size since the tension force is transferred invariably into the defect's vicinity. 30 This correction preserves the generality of Eq. ͑2͒, since it can be derived without an a priori assumption of the elongation vs strain dependence.
